We recently defined a critical role for p53 in regulating the quiescence of adult hematopoietic stem cells (HSCs), and identified necdin as a candidate p53 target gene.
INTRODUCTION
Hematopoietic stem cells (HSCs) can remain quiescent or can enter the cell cycle and either self-renew or differentiate 1 . HSCs divide infrequently, and it has long been thought that the entire HSC pool turns over every few weeks and that HSCs regularly enter and exit the cell cycle 1, 2 . This paradigm has been challenged, as two functionally distinct HSC populations, dormant HSCs and activated HSCs, have been identified by independent groups of investigators 3, 4 .
HSC quiescence is likely controlled by both HSC-intrinsic mechanisms and bone marrow microenvironmental factors, with a number of genes and signaling pathways implicated in this process 5 . Several regulators of the cell cycle machinery have been shown to play critical regulatory roles in HSC and/or hematopoietic progenitor cells (HPC) proliferation, including p21, p57, p18, as well as the D-type cyclins and their catalytic partners Cdk4 and Cdk6 [6] [7] [8] [9] [10] . HSC cell fate decisions are also regulated by several transcription factors (Gfi-1, MEF/ELF4, Pbx-1, C-myc and N-myc) [11] [12] [13] [14] . Interestingly, recent studies indicate that tumor-suppressor genes, including PTEN, pRb, PML, APC and Fbw7, may also play critical roles in maintaining HSCs in a quiescent state [15] [16] [17] [18] [19] .
Besides HSC-intrinsic mechanisms, HSC function is regulated by ligand-receptor interactions, including Angiopoietin and Tie-2, Thrombopoietin (TPO) and c-Mpl, Stem cell factor (SCF) and c-Kit, and stromal-derived factor 1 (SDF-1, also known as Cxcl12), and Cxcr4 [20] [21] [22] [23] .
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Necdin is a growth suppressing protein first identified in post-mitotic neurons 26 , and the gene encoding necdin is one of several genes that are deleted in individuals with PraderWilli syndrome 27, 28 . Like the retinoblastoma protein, necdin interacts with multiple cell cycle promoting proteins, such as simian virus 40 large T antigen, adenovirus E1A, and the transcription factor E2F1 29, 30 . Its functional effects are generally inhibitory on the cell cycle progression that these proteins trigger.
We, and others, have shown that necdin is highly expressed in LT-HSCs 24, 31 and while its role in hematopoiesis is largely unknown, we demonstrated that downregulating necdin diminishes HSC quiescence and upregulating necdin increases HSC quiescence 24 .
To more fully define the role of necdin in hematopoiesis, we have extensively analyzed the hematopoietic compartment of a strain of necdin-null mice that dies perinatally and has features resembling those seen in the human Prader-Willi Syndrome 32 . We have found that although necdin is dispensable for fetal hematopoiesis, necdin regulates HSC quiescence in adult bone marrow cells as well as their sensitivity to γ-irradiation and chemotherapy. Despite being a p53 target, necdin appears to both mimic and antagonize p53 function. Thus, while necdin functions like p53 to maintain HSC quiescence during the steady state, necdin opposes p53-dependent apoptosis under conditions of genotoxic stress.
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MATERIAL AND METHODS

Mice
The generation of necdin null mice (C57BL/6, CD45.2) was described previously 32 .
Wild type C57BL/6 (CD45.2), B6.SJL (CD45.1) mice, and p53 null mice (C57BL/6, CD45.2) were purchased from Jackson Laboratories. Necdin null mice were bred with p53 null mice to generate necdin/p53 double null mice, however no live necdin/p53 double null pups were observed. Thus, wild type, necdin null, p53 null, and necdin p53 double null fetal liver cells were isolated for transplantation. All mice were maintained in the MSKCC Animal Facility according to IACUC-approved protocols, and kept in
Thorensten units with filtered germ-free air.
Blood count
Peripheral blood was collected from tail veins and analyzed on an automated blood counter, HEMAVET HV950FS (Drew Scientific).
Fetal liver cell and donor repopulation assay
Fetal liver cells were isolated from E14.5 embryos using previously described techniques. 
BrdU incorporation assays
Mice received an intraperitoneal injection of 3mg BrdU as well as the addition of 1mg/mL of BrdU to their drinking water. 48 hours later, bone marrow cells were isolated and stained for cell surface marker expression; subsequently nuclear staining of BrdU was performed using the APC BrdU Flow Kit (BD Pharmingen), and fixation and permeabilization solutions. BrdU incorporation was detected in CD48 -CD150 + LSK cells by LSRII (BD).
Homing and lodging assays
The homing and lodging ability of wild type or necdin null fetal liver cells were analyzed in irradiated and non-irradiated recipient mice, respectively. 5 x 10 6 of wild type or 
Gene Expression and Pathways Analysis
Gene expression assays were performed as described previously (30), using RNA isolated from wt or necdin null HSPCs (Lin -Sca1 + c-Kit + ) cells in both oligonucleotide arrays (Affymetrix) and qPCR. The DNA sequence of all PCR primer pairs used is available upon request. The Affymetrix data were analyzed using the Ingenuity Pathways Analysis program (Ingenuity Systems, www.ingenuity.com); to identify the pathways that met the < 2 fold change cutoff and were associated with a canonical pathway in the Ingenuity Pathways Knowledge base were considered for the analysis. The significance of the association between the data set and the identified canonical pathway was measured in 2 ways: 1) A ratio of the number of genes from the data set that map to the pathway divided by the total number of genes from the data set that map to the canonical pathway, and 2)
Fisher's exact test, to calculate a p-value determining the probability that the association
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All gene expression data has been deposited in the Gene Expression Omnibus (GEO) public database under accession number GSE39153.
Electroporation of siRNAs
LSK cells from bone marrow cells were nucleofected using the mouse Macrophage Nucleofector Kit (Amaxa) with program Y-01 and 100 pmol siRNA. Cells were then cultured in serum free medium (X vivo-15) in the presence of cytokines (SCF, 100 ng/ml; TPO, 100 ng/ml; Flt 3 Ligand, 100 ng/ml). 24 hours post nucleofection, the cells were analyzed by flow cytometry. siRNA pools were purchased from Dhamacon.
Retroviral transduction
cDNAs encoding Gas2L3 (obtained from Open Biosystems) were subcloned into the BglII and HpaI sites of the MigR1 retroviral vector. LSK cells from bone marrow cells were infected by spinoculation for 3 days and used for the analyses.
Lentiviral transduced fetal liver cell transplantation
Lentiviruses expressing shRNAs against Gas2L3, or a control shRNA, cloned into pGIPZ vectors, were purchased from OpenBiosystems. Lentiviral vectors were produced by transfection of 293T cells. After cultured in X-VIVO medium with 10 ng/ml IL-3, 10 ng/ml IL-6 and 100 ng/ml stem cell factor (Peprotech) for 24 hours, fetal liver cells from wild type or necdin null mice (CD45.2) were infected with high-titer lentiviral concentrated suspensions, in the presence of 8 μ g/mL polybrene (Sigma-Aldrich). GFP positive cells were sorted using flow cytometry (LSRII, BD) 72 hours later and used as the transduced cells. The C57Bl/6.SJL (CD45.1) recipient mice were lethally irradiated with 9.5 Gy and the transduced fetal liver cells were transplanted into recipients with 5 x 10 5 helper cells (CD45.2). We analyzed these mice to assess adult hematopoiesis [10] [11] [12] weeks post transplantation after confirming complete donor repopulation.
Statistics
Statistical significance was assayed by Student's t test (for two groups) and one-way ANOVA with Tukey's multiple comparison test as a post test (for more than two groups); *p < 0.05; **p < 0.01; ***p < 0.005; ns, not significant.
RESULTS
Necdin is dispensable for fetal hematopoiesis
We recently demonstrated that necdin is a regulator of HSC quiescence using several in vitro stem cell assays 24 . To further define the role of necdin in hematopoiesis, we analyzed the hematopoietic compartment of necdin-null mice. Necdin is a maternally imprinted gene and thus is only expressed from the paternal allele. While heterozygous mice inheriting the mutated maternal allele are indistinguishable from their wild-type . Given that fact, we first investigated the role of necdin in fetal hematopoiesis, isolating fetal livers from E14.5 embryos and examining their hematopoietic cell content.
We found no change in the cellularity of necdin null fetal liver, (vs. wild type fetal liver, Figure S1A ), and using the SLAM family receptors CD150 and CD48 to characterize We then examined the cell cycle status of necdin null HSCs using the proliferation marker Ki67, and Hoechst 33342 DNA staining, and found both wild type and necdin null fetal liver HSCs to be highly proliferative, with both showing ~ 15 % quiescent cells ( Figure 1D ). Although necdin has been shown to inhibit p53-mediated apoptosis in U2OS cells 29 , we also found normal numbers of apoptotic (Annexin-V + / DAPI -) HSCs in the necdin null fetal liver at steady state ( Figure 1E ).
When we examined the differentiation capacity of the necdin null HSCs, we found normal myeloid differentiation, based on in vivo colony-forming unit spleen (CFU-S d8
and CFU-S d12 ) assays ( Figure 1F ) and comparable frequencies of common myeloid progenitors (CMP), granulocyte monocyte progenitors (GMP) and megakaryocyte erythrocyte progenitors (MEP) ( Figure S1B ). Thus, although necdin loss affects fetal liver HSC self-renewal in vitro, it does not appear to affect in vivo HSC frequency, or their differentiation, proliferation or survival.
The role of necdin in adult hematopoiesis
To define the role of necdin in adult hematopoiesis, we transplanted necdin null fetal Thus, the absence of necdin preserves in vitro "stem-ness" within the stem or progenitor cell compartment. To more formally investigate the role of necdin in regulating adult HSC self-renewal, we performed serial transplantation assays using adult bone marrow cells derived from wild type or necdin null fetal liver cells; we observed no difference in the ability of the necdin-null bone marrow cells to repopulate lethally irradiated recipient mice in non-limiting primary, secondary or tertiary transplantation assays ( Figure 3B ).
We also performed competitive repopulation assays, transplanting 1x10 6 fetal liver cells isolated from wild type or necdin null embryos into lethally irradiated B6.SJL recipient mice along with the same number (1x10 6 ) of competitor fetal liver cells, and observed no differences in donor repopulation using wild type or necdin null cells ( Figure 3C ).
We also assayed apoptosis and the homing (or lodging) of necdin null adult HSCs in the bone marrow environment and found no difference in the percentage of apoptotic (Annexin-V + / DAPI -) HSCs in recipient mice repopulated with necdin null or wild-type fetal liver cells ( Figure 3D ). We also saw no effect of lack of necdin on the homing or lodging of hematopoietic stem/progenitor cells (HSPCs) to the marrow of irradiated or non-irradiated hosts, respectively ( Figure 3E and 3F). Thus, necdin null adult HSCs maintain normal self-renewal potential under the stress of transplantation. Figure 4B ), indicating that necdin promotes HSC quiescence, and in its absence, HSCs more easily enter the cell cycle.
Necdin maintains adult HSC quiescence
Given the known effect of necdin on p53 function, and the role of p53 in HSC selfrenewal and quiescence, we bred necdin null mice with p53 null mice and then isolated wild type, necdin null, p53 null, and necdin p53 double null fetal liver cells for transplantation into lethally irradiated recipients. We analyzed the cell cycle status of the HSCs in these mice and found that necdin regulates HSC quiescence independent of p53, as the HSCs in mice reconstituted with either necdin null or necdin/p53 double null Figure 4C ). Thus, although necdin functions downstream of p53, its effects in quiescence are seen in the absence of p53, demonstrating its distinct role in HSC biology.
Necdin null hematopoietic cells are highly sensitive to chemotherapy
Given the known effects of quiescence on the cell's sensitivity to genotoxic stress, we hypothesized that the enhanced proliferative potential of necdin null HSCs may sensitize the cells to chemotherapy. Indeed, using mice repopulated with necdin null HSCs, we found a significantly enhanced sensitivity to weekly 5-FU administration ( Figure 5A ): only 20% of necdin null mice survived four weekly 5-FU administrations, while 70% of the wild type mice survived. We also followed peripheral blood counts after a single dose Figure S3 ).
Thus, it appears that the delayed recovery of the necdin null mice is due to increased chemosensitivity rather than defective proliferation post 5-FU administration.
Necdin null hematopoietic cells are highly sensitive to irradiation
Mice reconstituted with necdin null HSCs also show increased sensitivity to a single, sublethal dose of total body irradiation at both 6. Figure 6D and S4B ). Yet when we irradiated these mice, we still found enhanced apoptosis in the necdin null HSCs (CD48 -CD150 + LSK cells) (Fig. 6E) . Thus, necdin affects the response of HSCs to cytotoxic stress via both cell cycle-dependent and cell cycle-independent mechanisms.
The reported effects of necdin on p53 function appear to be cell context dependent;
necdin has been shown to inhibit p53-induced apoptosis in U2OS cells, but promote p53- showed an intermediate level of apoptosis, implying that some of the ability of necdin to inhibit radiation-induced HSC apoptosis is dependent on p53 ( Figure 6F ). This may reflect the necdin-independent ability of p53 to regulate HSC quiescence ( Figure 4C and 6F).
Potential molecular mechanisms by which necdin regulates the response of HSCs to irradiation
To investigate how necdin regulates the response of HSCs to genotoxic stress, we examined the expression of several apoptosis-related HSPC genes, including BCL-2, BCL-XL and MCL-1 35,36 ; the expression of these genes post-irradiation was similar in both the wild and necdin null HSPCs, except for Puma, a pro-apoptotic p53 target gene
, which was actually lower in the irradiated necdin null HSPCs (data not shown). Thus, to identify necdin target genes that could account for the enhanced radiosensitivity of necdin null HSCs, we performed gene expression profiling (using microarray and quantitative PCR (qPCR) analyses) on LSK cells isolated from mice reconstituted with wild type or necdin null fetal liver cells following a sublethal dose of irradiation (6.5 Gy).
We identified several deregulated signaling pathways in the necdin-null HSPCs, including the G2/M DNA damage and G1/S checkpoints ( Figure S5 ). Of the putative necdin target genes differentially expressed in necdin null vs. wild type cells ( Figure 7A ), one gene, Gas2L3, drew our attention.
Gas2L3 is a homologue of Gas2, a caspase-3 substrate that plays a role in regulating microfilament and cell shape changes during apoptosis 38, 39 . Susceptibility to p53 dependent apoptosis has been shown to correlate with increased levels of Gas2 protein, possibly due to enhanced p53 stability and transcriptional activity 38, 40 . Little is known about the biological function of Gas2L3 41 , so we first confirmed its radiation-induced upregulation in necdin null HSPCs using q PCR analysis ( Figure 7B ). We hypothesized that upregulation of Gas2L3 in irradiated necdin-null HSCs may account for their enhanced radiosensitivity and, indeed, found that the efficient knockdown of Gas2L3 expression decreased the radiation sensitivity of necdin null LSK cells ( Figure 7C ). We also overexpressed Gas2L3 in wild type LSK cells and found that it increased apoptosis ( Figure 7D ).
For
org From
We further analyzed the in vivo radiation sensitivity of Gas2L3 knocked down (KD) HSCs. Lentiviruses expressing two shRNAs against Gas2L3, or a control shRNA, were transduced in to wild type or necdin null fetal liver cells. We verified that Gas2L3 expression levels were about 30 percent of normal in these transduced cells ( Figure S6 ). Subsequently, the transduced fetal liver cells were sorted and transplanted into lethally irradiated recipients together with helper cells. 10-12 weeks post transplant, we confirmed complete donor repopulation in these recipients and analyzed radiationinduced apoptosis in the GFP + HSC (CD48 -CD150 + LSK) population, 12 hours after 6.5
Gy total body irradiation ( Figure 7E ). Similar to the in vitro apoptosis assays, Gas2L3
KD HSCs showed less apoptosis post irradiation. Furthermore, knockdown of Gas2L3 in the necdin null HSCs had the same effect on post-irradiation apoptosis as in normal HSCs.
Thus, the enhanced upregulation of Gas2L3 in irradiated necdin-null HSCs may account for their enhanced radiosensitivity.
As increased Gas2L3 expression enhances the radiation sensitivity of HSPCs, this suggests that necdin regulates HSPC radiosensitivity by downregulating Gas2L3 expression. In addition, while Gas2L3 is highly expressed in both CD48 -CD150 + LSK and CD34 + LSK wild type cells at steady state, Gas2L3 expression decreases following irradiation ( Figure 7F) ; this suggests that cells may lower Gas2L3 expression in order to survive the effects of γ-irradiation.
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DISCUSSION
Having identified necdin as a potential regulator of HSC quiescence 24 , we have used genetically modified mice that lack necdin expression to confirm that necdin controls HSC quiescence during the steady state. The effect of necdin for HSC quiescence is greater than the effect of p53, and in fact, the effects of necdin on quiescence are not dependent on p53. This suggests that additional pathways, that do not involve p53 or p21, converge on this critical property of HSCs. Despite this effect on quiescence we did not see changes in the number or frequencies of HSCs and myeloid progenitors ( Figure 2 and data not shown), suggesting that some compensation may have occurred to prevent the lack of necdin from impacting on other HSC functions.
We have found profound cell cycle-independent effects of necdin on the response of HSCs to genotoxic stress, and have identified distinct mediators of its effects on cell cycle vs. its effects on radiation-and chemotherapy-induced apoptosis. The absence of necdin does not appear to affect the frequency or differentiation potential of fetal liver HSCs. Although we did see an increase in self-renewal in vitro, necdin is clearly dispensable for fetal hematopoiesis, as was also recently shown by Kubota et al, using a different necdin null mouse, that does not exhibit perinatal lethality 42 . Given the perinatal lethality of our necdin null mice, to investigate the role of necdin in adult hematopoiesis, we had to transplant necdin null fetal liver cells into lethally irradiated wild type recipient mice. Necdin null fetal liver HSCs can normally repopulate lethally irradiated recipient mice in transplantation assays, which demonstrates that necdin is dispensable for the normal self-renewal of adult HSCs even under the stress of transplantation.
By examining mice reconstituted with necdin null fetal liver HSCs, we observed that similar to p53, necdin serves to promote adult HSC quiescence in steady state. Although HSC quiescence aids in the preservation of self renewal capacity 43 , our analysis of necdin/p53 null HSCs suggests that the effects of necdin on HSC quiescence are mediated through a distinct pathways.
Changes in HSC quiescence are known to translate into reciprocal changes in chemoresistance and radioresistance 13, 24 and indeed we found that the lack of necdin in HSCs sensitizes them to genotoxic stress, both to 5-FU and to sub-lethal doses of γ- Gas2L3 is a 683 amino acid protein, with calponin homology (CH) and Gas2 homology domains, whose function has only recently been reported: Gas2L3 is required for proper cytokinesis and maintenance of genomic stability 41 . We show that changes in the level of Gas2L3 in HSC play an important role in the regulation of apoptosis by necdin ( Figure   For 
7C, D, E).
Thus, it appears that necdin regulates HSC radiosensitivity in a Gas2L3-dependent manner. How the absence of necdin leads to enhanced Gas2L3 expression in irradiated but not steady state HSCs is unclear. However, it is likely that changes in the expression of many genes or signaling pathways will explain the enhanced response of necdin null HSCs to genotoxic stress.
The role of necdin in adult hematopoiesis that we have identified is different from that recently reported by Kubota and his colleagues 42 . They described that necdin deficiency had no effect on HSC (defined as CD34 44, 45 . Thus, our results can provide insight into the HSC intrinsic function of necdin. Furthermore, in our studies, the necdin null HSCs reside in an otherwise normal host, eliminating any microenvironmental effects of the lack of necdin. Differences in the genetic background of the mice could also account for some of the differences observed;
as the necdin null mice (Ndn tm1Ky) that Kubota et al studied are on an ICR background, which were backcrossed to C57BL6 background for 5 generations. These differences are clearly important, as the necdin null mice that they studied showed no postnatal lethality, allowing bone marrow cells from necdin null mice to be analyzed. The mice we have analyzed more closely mimic the human Prader-Willi Syndrome with similar respiratory difficulties 46 . Our study found that the effect of necdin on HSC quiescence clearly demonstrates its stem-cell intrinsic functions. This is relevant as inactivation of the retinoblastoma protein (RB) in the bone marrow microenvironment results in profound myeloproliferation that is not intrinsic to the HSCs, but is the consequence of an RBdependent interaction between HSCs and the stem cell niche 47 .
As necdin null HSCs are less quiescent than wild-type HSCs and wild type mice shown are the mean ratio of transcript levels relative to the wild type cells (± SD) (n=3).
